human papillomavirus (hpV) plays a crucial role in cervical cancer etiology. however, not all hpV-infected women develop cancer, indicating that additional cellular factors facilitate carcinogenesis. the aim of this study was to analyze the expression profile of insulin-like growth factor 1 (iGF1) isoforms in the context of FOx2, Sp1 and iGF1 receptor (iGF1r) expression during hpV-dependent cervical carcinogenesis. One hundred and nine epithelial tissue samples from women with pre-cancerous and cancer lesions of the cervix were analyzed. HPV DNA was identified by pcr, and real-time pcr was used to quantify the expression levels of the analyzed genes. all IGF1 mrna splicing isoforms were up-regulated in pre-cancerous cells, and a shift in the balance towards mitogenic iGF1Eb was observed in the cancer samples. IGF1 expression was controlled mainly by the p1 promoter, and an increase in p2 usage was observed in the cancer. correlations between IGF1 mrna splicing isoforms and the FOx2 splicing factor, as well as p1/p2 activity and Sp1 transcription factor expression levels were detected. no correlation was observed between the expression of iGF1 and its receptor iGF1r. Our results suggest that iGF1, in particular its splicing profile, may be an additional prognostic factor in cervical carcinogenesis.
Introduction
Genital human papillomavirus (hpV) infectious types hpV16/18 are very common in numerous populations. however, more than 90% of genital hpV infections regress without intervention within a short period of time. the remaining 5-10% of hpV-infected patients develop long-term infections, and such persistent infections are associated with an increased risk of developing cervical cancer (1) . This suggests that, apart from hpV, other factors or co-factors are involved in this process (2) . To date, little is known regarding the cellular factors that may facilitate cervical carcinogenesis. in searching for factors responsible for susceptibility to persistent HPV infection, our study focused on insulin-like growth factor 1 (iGF1) protein. iGF1 is one of the cellular factors involved in a variety of cellular processes, such as cell proliferation, differentiation and apoptosis.
IGF1 exerts its effect mostly by binding the specific receptor, iGF1 receptor (iGF1r), which causes autophosphorylation of its β subunit and, therefore, initiates a cascade of downstream kinase activation (3) . IGF1R mediates IGF1 actions on all cell types, and these actions reveal diversity in terms of tissue specificity and developmental stage (4) . the iGF1 protein is expressed mostly in the liver; however, tissue-specific expression is also evident. Thus, IGF1 exhibits both endocrine and auto/paracrine activity, respectively. the circulating fraction of iGF1 is transported bound to iGF1 binding proteins (iGF1Bps) types 1-6. the main transporter is IGF1BP3, which modulates the bioactivity of IGF1 by limiting its access to iGF1r (5) .
the IGF1 gene is located on chromosome 12 and extends over 85 kb. The gene comprises six exons separated by long introns. transcription starts from one of the two possible promoters (p1 and p2) located in exons 1 and 2, respectively. Exons 1 and 2 are differently spliced to exon 3, producing alternative class 1 and class 2 transcripts. the biochemical mechanisms controlling the usage of iGF1 promoters are unresolved. Both p1 and p2 regulate transcription over scattered start sites, and it is suggested that heterogeneous transcription initiation compensates for the lack of typical proximal promoter elements, such as tata-or ccaat-boxes (6) . in both IGF1 gene promoters, multiple specificity protein 1 (Sp1) binding elements are present, which indicates that Sp1 may be an important iGF1 transcription regulator. Sp1 is a sequence-specific ubiquitous transcription factor that binds with high affinity to GC-boxes, and to GT-and CT-boxes with significantly lower affinity (7) .
By contrast, exons 5 and 6 demonstrate alternative splicing patterns, which give rise to six iGF1 precursors: classes 1a and 2A contain exons 3-4 and 6 of the transcript and form the iGF1Ea isoform with c-terminal Ea extension peptide. classes 1B and 2B contain exons 3-5 (IGF1Eb isoform), and class 1C and 2c isoform (iGF1Ec) arises from an internal splice site within exon 5, which links 49 nucleotides of exon 5 to exon 6.
all of these propeptides undergo subsequent proteolytic processes and eventually result in one mature 70-kDa IGF1 protein encoded by exons 3 and 4, which is either released into the bloodstream or into the extracellular matrix (8) . the physiological role of propeptides and alternative E peptides generated from isoforms iGF1Ea, iGF1Eb and iGF1Ec remains unclear. it has been proposed that different iGF1 propeptides have distinct biological effects and may act through various signaling pathways (9) . Little is known about the regulation of iGF1 pre-mrna splicing. One of the putative factors implicated in this process is FOx2 (rna binding motif protein 9; rmB9), a splicing regulator that binds exclusively to the uGcauG and aGcauG sites downstream or upstream of the alternatively spliced exons. notably, FOx2 acts both as an enhancer and silencer of splicing, depending on the location of the binding site (10) (11) (12) .
it has previously been observed that up-regulation of the circulating iGF1 level is correlated with several types of cancer, including prostate, breast, colorectal and lung cancer, which suggests a role for IGF1 as a risk factor for cancer (4) . numerous studies have focused mostly on the measurement of circular iGF1, while its role as a tissue growth factor has been underestimated. Little is known about IGF1 tissue expression in cervical cancer cells, and the available data are inconsistent (13, 14) .
the turning point in studies on iGF1 action was the detection of the iGF1Eb isoform in the nucleus of human cells by tan et al (15) . also, our previous immunohistochemical studies indicated the presence of iGF1 in the nuclei of a reproductive layer of paraepidermal epithelium in intraepithelial neoplasia (low-grade squamous intraepithelial neoplasia; l-Sil, and high-grade squamous intraepithelial neoplasia; h-Sil) and in cervical cancer cells. the nuclear localization of IGF1 suggests that it may also have intranuclear activity (13) .
the aim of our study was to evaluate the expression of total iGF1 and iGF1 isoforms (iGF1Ea, iGF1Eb and iGF1Ec) in hpV-positive cervix samples in women with pre-cancerous (l-Sil and h-Sil) and cancer lesions in relation to control hpV-negative cervix. in addition, we analyzed the usage of IGF1 gene promoters p1 and p2 in study cells as well as the transcription factor Sp1, splicing factor FOx2 and iGF1r expression levels.
Materials and methods
Research material. the study was performed in a group of 109 women aged 23 to 61 years (median 49). There were no significant differences in the mean age of women who underwent surgery for squamous cell cervical carcinoma compared to the control women. however, the women with h-Sil a statistically lower mean age compared to the women with squamous cell cervical carcinoma and the controls (p<0.05).
Among the patients, 87 were treated for L-SIL, H-SIL and squamous cell cervical carcinoma between 2007-2009 at the department of Gynecology and Obstetrics, medical university of lublin, poland. the study was approved by the Ethics committee of the medical university of lublin. cervical cells were collected from the study subjects via cervical scrape.
For cancer and neoplasmatic cell localization, all specimens initially underwent h&E staining followed by pathological review. Cervical sections comprised of at least 70% cancer cells were used as cancer samples. the tissue samples were frozen immediately in liquid nitrogen and stored at -80˚C until further use.
the study group consisted of postoperative tissues from patients diagnosed with L-SIL (n=28), H-SIL (n=30) and squamous cell cervical carcinoma (n=29). the control group (n=22) consisted of normal cervical tissue specimens obtained from patients undergoing hysterectomy due to uterine leiomyomas.
histopathological criteria formulated by the world health Organization (whO) were used to establish the diagnosis of squamous cell cervical carcinoma (16) . with respect to the dedifferentiation of neoplastic cells, all patients were classified as G2 with moderately differentiated squamous cell carcinomas (WHO grading G1-G3). According to FIGO clinical staging, among the squamous cell cervical carcinoma tissues, 15 patients were at stage I and 14 at stage IIA (17) .
HPV identification. Genomic dna was isolated from the study tissues using the QIAamp DNA Midi kit (Qiagen) according to the manufacturer's protocol. the purity and concentration of genomic dna was analyzed spectrophotometrically. hpV infection was identified by PCR amplification of the HPV gene sequence using primers mY09 and mY11 complementary to the genome sequence of at least 33 types of HPV viruses as described previously (18) . the reaction mixture contained 15 ng/µl dna and the following reagents: 0.5 units Taq dna polymerase (Fermentas), pcr buffer and magnesium chloride (Fermentas) at the final concentration of 1.5 mM, primers at the final concentrations of 0.25 mM each and dNTPs (Promega) at the final concentration of 0.2 mM. PCR products were run in 1.2% agarose gel electrophoresis with ethidium bromide and visualized under uV light. the product length was assessed according to MassRuler marker (Fermentas). pcr products were randomly eluted from agarose gel using the QIAquick Gel Extraction kit (Qiagen) and sequenced. The sequencing results were computationally analyzed using the BlaSt database (http://blast.ncbi.nlm.nih.gov).
RNA extraction and cDNA synthesis. total rna was extracted using the RNeasy-Fibrous Tissue mini-kit (Qiagen) according to the manufacturer's protocol. RNA purification included double DNase treatment. RNA quantification was performed spectrophotometrically, and the quality was assessed by agarose-formaldehyde gel electrophoresis.
For each sample, after gdna removal, 1 µg rna was converted into first-strand cDNA in a reverse transcription reaction using the QuantiTect Reverse Transcription kit (Qiagen) following the manufacturer's instructions.
Primers. the primers used for real-time pcr are presented in table i.
Primers specific to the human IGF1 gene were designed according to sequence number nt_019546.15. primers to quantify total iGF1 were complementary to constitutive exons 3 and 4 (13) . In order to distinguish IGF1 mrna isoforms, primers were complementary to different exons. to amplify isoform iGF1Ea, the primers were complementry to sequences in exons 4 and 6; for isoform iGF1Eb, exons 5a and 5b; for IGF1Ec, exons 5a and 6. To specifically indicate transcripts class i derived from the p1 promoter, primers were complementary to exons 1 and 3, and for class II, exons 2/3 and 3.
Other real-time pcr primers were used to quantify Sp1. primers for iGF1r and the reference genes Gapdh and rplp0 were as previously described (14, 19) .
Primer specificity was assessed by a PCR reaction. The PCR reaction was carried out in a final volume of 10 µl, and the mixture contained 15 ng/µl cdna and the following reagents: 0.5 units Taq dna polymerase, pcr buffer and magnesium chloride at the final concentration of 1.5 mM, primers at the final concentrations of 0.25 mM each, and dNTPs at the final concentration of 0.2 mM. The reaction was run under the following conditions: initial denaturation at 90˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 10 sec, annealing (temperature dependant on primer sequences; Table I ) and elongation at 72˚C for 20 sec. Each primer pair generated a single product observed as a single band of appropriate size (table i) in 2% agarose gel electrophoresis. pcr products were eluted from agarose gel using the QIAquick Gel Extraction kit, and were sequenced to confirm the expected product presence. the sequencing results were computationally analyzed using the BlaSt database (http:// blast.ncbi.nlm.nih.gov).
Real-time PCR. Quantitative real-time pcr analysis was performed in an automated fluorometer (Rotor-Gene 6000; corbett research) using the SYBr Green pcr master mix (applied Biosystems, uK). Gapdh and rplp0 were used as reference genes, and the selection was based on data from a previously described validation study (19) . the pcr reaction was carried out at a final volume of 10 µl containing 2 µl of cdna, primers at a concentration of 1 µm each and SYBr Green pcr master mix. the samples were run in triplicate and placed in a 72-well plate. The reaction was performed under the following conditions: initial denaturation at 90˚C for 10 min, followed by 45 cycles of denaturation at 95˚C for 10 sec, annealing (temperature dependant on primer sequences; Table I ) and elongation at 72˚C for 20 sec. PCR products were quantified according to the standard curves produced by amplification of the serial dilutions, and the expected product was verified according to the melting point.
Statistical analysis. the measured parameters were statistically evaluated as quotient scales by means of the median, lower and upper quartile with range of trait variability. Because of the skewed distribution of the analyzed parameters evaluated by the Shapiro-Wilk W test or non-homogeneous variance calculated by the Fischer F test, non-parametric tests were used to analyze differences between subgroups. The Kruskal-Wallis test and multiple post hoc analysis were used for the comparison of more than two groups. Spearman's rank correlation coefficient 
Results
The research material underwent HPV identification. For the study, 109 samples were selected and divided into hpV-negative controls and hpV-positive l-Sil, h-Sil and cancer cells.
using the real-time pcr technique, all possible IGF1 mRNA isoforms were identified in the pre-cancer, cancer and control epithelial cells of the cervix samples.
the predominant splicing isoform in all study cells was iGF1Ea (85-92%). the expression of the iGF1Eb isoform, which was differential and dependent on the stage of carcinogenesis, ranged between 8% in the control tissue and 14% in the cervical cancer. the expression of the iGF1Ec isoform appeared to be at the lowest level and was consistently at ~1% in all the studied tissues ( Fig. 1a ). detailed analysis of the mrna relative expression levels of each splicing isoform (normalized according to reporter genes) showed up-regulation of all isoforms in l-Sil and h-Sil, compared to the control and the cervical cancer tissue ( Fig. 2a-c) . differences between the relative expression of each isoform a-c in h-Sil and cervical cancer were statistically significant (p<0.05). additionally, for iGF1Eb, this difference was also statistically significant when compared to L-SIL and cervical cancer.
promoter usage in the IGF1 gene was determined by identification of either exon 1 or exon 2 in the IGF1 transcripts. IGF1 transcription in the studied cells was mostly controlled by the p1 promoter localized in exon 1 (69-86% of class I transcripts). However, exon 2 was detected in 14-31% of the transcripts, which indicates considerable p2 promoter activity (class 2 transcripts). the greatest contribution of the p2 promoter in total IGF1 expression was observed in the cervical cancer samples (31%) (Fig. 1B) . Detailed analysis of the relative expression levels showed no significant differences in promoter usage between the cancer, l-Sil, h-Sil and control tissues ( Fig. 2d and E) .
the mechanism of IGF1 pre-mrna alternative splicing and promoter usage regulation remains unknown. However, the analysis of alternative splicing factor FOx2 expression levels (unpublished data) showed a statistically significant correlation between the FOX2 mrna expression level and an increase in the iGF1Eb isoform (table ii) .
Sp1 transcription factor, the activator for the p1 and p2 promoter, appeared to be up-regulated in dysplasia (unpublished data), which was correlated with the increased iGF1 level in these tissue samples (table ii) . no correlation between Sp1 and promoter usage was detected in the cancer tissue.
The expression level of IGF1-specific receptor IGF1R mRNA was also quantified, and was observed to be doubled in the cancer tissue compared to the controls, while slight up-regulation of iGF1r mrna was observed in neoplasia, l-Sil and h-Sil tissues (unpublished data). no statistically significant correlation was found between tissue IGF1 and iGF1r expression levels (table ii) . 
Discussion
iGF1 is a circulating peptide hormone and a locally acting growth factor with endocrine, paracrine and autocrine functions (3) . Recently, a number of studies have focused on the identification of different IGF1 isoforms and the evaluation of their functional significance (9, (20) (21) (22) (23) (24) (25) (26) .
the physiological differences between the functions of the local and circulating fraction of iGF1 have not been completely established. however, it has been proposed that different iGF1 isoforms (iGF1Ea, iGF1Eb and iGF1Ec) have various functions in muscle repair and growth (20) . after injury to skeletal muscle, the IGF1Eb mRNA splice variant is initially up-regulated, followed by up-regulation of the iGF1Ea splice presented data are the medians of relative expression level normalized according to Gapdh/rplpO reporter genes. the differences between relative expression in h-Sil and cervical cancer of each splicing isoform were statistically significant at p<0.05. Additionally, for IGF1Eb this difference was statistically significant also between L-SIL and cervical cancer.
variant at later time points. up-regulation of iGF1Eb mrna correlates with myoblast proliferation, whereas up-regulation of IGF1Ea mRNA is linked to differentiation into mature myofibers (21, 22) . Other studies have indicated that the locally acting iGF1 isoform also has neuroprotective effects and protects cardiomyocytes from hypertrophic and oxidative stress (9, 23, 24) . Ohtsuki et al, using the pcr method, demonstrated that iGF1Ea mrna was more abundant than iGF1Eb mrna in a number of organs (uterus, ovary, liver and kidney) in the mouse, and was both organ specifically and temporally regulated (25) . additionally, it has been suggested that E-peptides modulate the cell entry of mature iGF1 (26) . in our study, we detected all three iGF1 isoforms in the hpV-positive l-Sil, h-Sil and cancer tissues as well as in the hpV-negative control cervical epithelium. however, we observed increased mrna expression of all iGF1 isoforms in l-Sil and h-Sil compared to normal cervix and the cervix of women with cervical cancer (Fig. 2a-c) . notably, the percentage contribution of isoform iGF1Eb to total iGF1 expression was higher in cervical cancer compared to that in other stages of carcinogenesis (Fig. 1a ). we suggest that this shift in the balance between iGF1 isoforms towards mitogenic IGF1Eb in cervical cancer cells may be significant in cancer progression. it has previously been suggested that E-peptides may have functions distinct from mature iGF1. Siegfried et al demonstrated that E-peptide derived from the iGF1Eb isoform exhibits mitogenic activity (25) . later, it was shown that E-peptides increase IGF1 uptake into cells and enhance mature iGF1 activity (26) . therefore, we propose that a shift in the ratio of iGF1Ea to iGF1Eb isoforms towards iGF1Eb may also serve as a biomarker for the prognosis of cervical cancer development.
Furthermore, up-regulation of the iGF1Eb isoform in cervical cancer was found to correspond to simultaneous expression of HPV viral E6 and E7 proteins during the late stages of neoplasia (1) . hpV viral early proteins are involved in a variety of intracellular processes, including splicing. it has previously been demonstrated by Bell et al that hpV E4 protein interacts with SR-specific kinase SRPK1, which consequently impairs spliceosome assembly (27) . In addition, Bodaghi et al showed that hpV16 proteins E2 and E6 are rna-binding proteins and may affect splicing both by binding directly to pre-mrna and by interacting with splicing factors (28) . it was previously described that hpV proteins also regulate gene expression at the transcriptional level and affect splicing by the up-regulation of splicing factors. in fact, the hpV E2 protein acts as a transcription factor, not only in terms of viral gene regulation, but also by altering the expression of multiple cellular genes, including splicing factors Sr (arginine/serine-rich splicing factor protein family), splicing factor 2/alternative splicing factor (SF/aSF) and heterogeneous nuclear ribonucleoprotein a1 (hnRNPA1) (29, 30) .
a gradual increase in the expression level of the FOx2 splicing factor in cervical epithelium upon cervical carcinogenesis has been observed. these results are consistent with data obtained by Venables et al for breast cancer, but differ from those found for ovarian cancer (31) . It has been suggested that downstream sites demonstrate the character of the splicing enhancer, while upstream sites function as silencers (12) .
in the IGF1 gene, the FOx2 putative binding sites are the upstream exon 5 and downstream exon 6. Our results indicate that the up-regulation of FOx2 may prevent the exclusion of exon 5 and at the same time enhance the exclusion of exon 6, which results in the up-regulation of the iGF1Eb isoform and a reduction of iGF1Ea in dysplasia and cervical cancer tissue. this putative mechanism resulted in correlations between iGF1 mrna splicing isoforms and FOx2 expression levels (table ii) .
in this study, we found that the up-regulation of total iGF1 expression, which is mostly controlled by p1, was increased in both stages of neoplasia (l-Sil and h-Sil) ( Fig. 2d and E) . the mechanism of preferential transcription initiation from the p1 promoter as well as increased p2 usage in cancer (Fig. 1B) remains unresolved. however, hpV proteins, which are overexpressed in neoplasia (e.g., E2) (1), may be involved in the regulation of IGF1 promoter activity. Furthermore, we demonstrated the up-regulation of Sp1 transcriptional factor in hpV-positive tissues (unpublished data). Of note, Sp1 binding sites have been found in both the p1 and p2 IGF1 promoters. thus, we suggest that the correlation of Sp1 expression with p1 and p2 IGF1 promoter activity in neoplasia is related to the up-regulation of IGF1 expression caused by Sp1 action. it has not only been suggested that Sp1 activates iGF1, but that the Sp1 binding site is also a target of IGF1 action in other genes activated in cancer (32) , which may be an additional explanation for the considerably strong correlation between the expression levels of these factors (table ii) . in addition, the Sp1-binding site is also situated in the HPV E6/E7 promoter region, and is probably the only one recognized by cellular transcription factors essential for the function of early transcription initiation (33, 34) . Thus, we suggest that the up-regulation of Sp1 during the early stage of dysplasia may provoke expression of the HPV oncogenic proteins E6 and E7, and may therefore serve as a prognostic factor for cancer development. additionally, recent studies on Sp1 expression upon hpV infection showed concurrent expression of SP1 with L1 proteins in differentiating keratinocytes in mice (35) .
Measurement of the expression level of the IGF1-specific receptor IGF1R revealed a significant up-regulation in cervical cancer tissue (unpublished data). this result is consistent with previously described data obtained in mice, where the overexpression of IGF1R facilitated tumor development (36, 37) . Moreover, increased expression of IGF1R has been linked to several cancer types in humans (38, 39) . It has been proposed that the up-regulation of iGF1r in cancer cells may be due to loss of transcriptional control by major tumor-suppressor genes (40) . additionally, immunohistochemistry with an anti-iGF1r antibody revealed that the expression levels of iGF1r in h-Sil and invasive squamous cell carcinoma were higher than the level in normal cervical epithelial cells. Kuramoto et al showed that the distribution of iGF1r overexpression in l-Sil and h-Sil was co-localized with that of hpV E6 oncoprotein expression (41) . We did not find any significant correlation between iGF1r and the local expression of total iGF1 (table ii) . however, this result can be explained by the fact that our study focus was on locally expressed iGF1, while iGF1r is activated not only by the local, but also by the circular iGF1 fraction (5) .
Taken together, our results demonstrate the differential expression of IGF1 mrna splicing isoforms in hpV-positive pre-cancerous and cervical cancer cells compared to hpV-negative control tissue. Both IGF1 promoters appeared to be active in normal and tumorous cervical cells; however, the balance between them was unequal. moreover, we demonstrated a strong correlation in the expression of iGF1 isoforms with cellular factors FOx2 and Sp1.
thus, we suggest that the role of iGF1 in the development and progression of cervical cancer appears to be more complex than previously described. in particular, due to the up-regulation of the iGF1Eb isoform with mitogenic properties, its significance in cancerogenesis may be more pronounced. although the impact of hpV infection on the course of iGF1 pre-mrna splicing as well as on iGF1 promoter activation has not yet been resolved, numerous research results have demonstrated that hpV proteins may impair this process. Furthermore, hpV proteins affect splicing both directly, as spliceosome components, and indirectly, via the activation of splicing factors.
Further investigation towards a better understanding of the mechanisms of iGF1 expression in hpV-infected cells will be helpful to develop highly sensitive and multifactorial tools for the prevention, diagnosis and treatment of cervical cancer.
